With the large-scale applications of electric vehicles in recent years, future batteries are required to be higher in power and possess higher energy densities, be more environmental friendly, and have longer cycling life, lower cost, and greater safety than current batteries. Therefore, to develop alternative electrode materials for advanced batteries is an important research direction. Recently, the Chevrel phase Mo 6 T 8 (T = S, Se) has attracted increasing attention as electrode candidate for advanced batteries, including monovalent (e.g., lithium and sodium) and multivalent (e.g., magnesium, zinc and aluminum) ion batteries. Benefiting from its unique open crystal structure, the Chevrel phase Mo 6 T 8 cannot only ensure rapid ion transport, but also retain the structure stability during electrochemical reactions. Although the history of the research on Mo 6 T 8 as electrodes for advanced batteries is short, there has been significant progress on the design and fabrication of Mo 6 T 8 for various advanced batteries as above mentioned. An overview of the recent progress on Mo 6 T 8 electrodes applied in advanced batteries is provided, including synthesis methods and diverse structures for Mo 6 T 8 , and electrochemical mechanism and performance of Mo 6 T 8 . Additionally, a briefly conclusion on the significant progress, obvious drawbacks, emerging challenges and some perspectives on the research of Mo 6 T 8 for advanced batteries in the near future is provided.
phase Mo6T8 can not only ensure ion transport rapidly, but also retain the structure stability during electrochemical reactions. Although the history of the research on Mo6T8 as electrodes for advanced batteries is short, there has been significant progress on the design and fabrication of Mo6T8 for various advanced batteries as above mentioned. In this Progress Reports, we mainly overview recent progress on Mo6T8 electrodes applied in advanced batteries, including synthesis methods and diverse structures for Mo6T8, and electrochemical mechanism and performance of Mo6T8. . In addition, we also briefly conclude the significant progress, obvious drawbacks, emerging challenges and some perspectives on the research of Mo6T8 for advanced batteries in the near future.
Introduction
The development of advanced and renewable energy storage devices has raised great concerns due to the rapid depletion of fossil fuels and ever-growing demand of human being over the past decades. As one of the most successful energy storage systems, rechargeable lithium-ion batteries (LIBs) have been widely utilized in portable and smart electronic devices due to their high energy densities, long cycling life and environmental friendliness.
[1] However, limit natural sources of lithium, low power density and the safety issue of LIBs relatively restrict LIBs in the large scale applications of future electric vehicles (EVs). Apart from the continuous development of high performance LIBs, many efforts have been also devoted to develop alternative and promising batteries instead of LIBs, including metal-ion batteries (e.g., sodium-ion batteries (SIBs) and magnesium-ion batteries (MIBs)), [2] aqueous electrolyte batteries (e.g.,zinc-ion batteries (ZIBs) and aluminum-ion batteries (AIBs)), [3] and hybrid batteries. [4] It is well known that the electrochemical performance of batteries highly depends on the properties of electrode materials. As expected, to search ideal electrode materials for advanced batteries is a key to the success of development of high-performance batteries. [5] The electrochemical mechanisms of the electrode materials during the charge-discharge process can be mainly divided into three types of intercalation, alloying, and conversion reactions. So far, intercalation-type electrode materials have been successfully commercialized and still intensively investigated in rechargeable batteries. [6] Intercalation mechanism is based on the reversible insertion/extraction of metal ion (e.g., alkali) into the lattice of a host structure at various potentials. During the metal ions insertion/extraction process, the host structure almost remains unchanged or is only slightly altered.
Moreover, there is a few side reactions occurred at the intercalation-type electrodes during the charge-discharge processes.
As the most successfully commercialized intercalation-type materials for LIBs, graphite with low specific capacity and poor rate capability is difficult to meet the high requirement of EVs in terms of high power densities in the future. Over the past decades, there are a large number of intercalation-type materials have been explored to replace graphite for LIBs, such as β-FeOOH, α-MnO2, MoS2, V2O5, Li4Ti5O12 and
Mo6T8, due to their high theoretical capacity and stable structures. [7] Among them,
Chevrel phase Mo6T8 (T = S, Se or their combination) is a kind of promising intercalation-type electrode materials, which can accommodate monovalent or multivalent ions within the Mo6T8 framework. [2d, 8] Since the Chevrel phase molybdenum chalcogenides were first reported in 1971, [9] [10] The strong electrochemical kinetics of such kinds of materials was attributed to their unusual open and rigid framework that provides numerous vacant sites, short ion transporting path, and the charge-unbalance caused by bivalent ions. Typically, Aurbach et al. [11] for the first time found that the Chevrel phase Mo6S8 as cathode for MIBs can be charged and discharged over 2000 cycles with a capacity decay of <15%. Despite only an average working voltage of ~ 1.2 V vs. Mg 2+ /Mg and a maximum reversible capacity of 130 mA h g -1 were obtained, the impressive cycling life of the cell still spurred intensive and further research interest on it for advanced batteries.
Moreover, the development of Mo6T8 for MIBs have also triggered ever-growing attention for their applications in other advanced energy storage systems (e.g., LIBs, SIBs, ZIBs and AIBs), though the electrochemical study of monovalent ion (i.e., Na) intercalation/de intercalation behavior in Chevrel phase structure studied by Gocke et al. and Tarasconet al. can be early back to 1980s. [12] Recently, there have been an increasing number of literatures reported on the Mo6T8 family for energy storage systems, further indicating the research importance of Mo6S8 electrode materials. In this report, we mainly overview recent progress on the electrochemical energy storage applications of Chevrel phase Mo6T8, focusing on the synthesis methods, intercalation mechanism and various structure-function of Mo6T8, as well as their applications in various advanced batteries. In addition, we also briefly conclude the significant progress, obvious drawbacks, emerging challenges and some perspectives on the research of Mo6S8 for advanced batteries in the near future. Reproduced with permission. [8a] Copyright 2015, Elsevier. (M) cations [8a, 10c] As can be seen, there are three different cation locations for Mo6T8
Mechanism of cation insertion into
(cavities 1, 2 and 3, Figure 1a ). Cavity 1 is the site far away from Mo atom and share corner with the Mo6T8 cube. Cavity 2 and 3 share the edges and faces with Mo6T8, respectively. Only the cavities 1 and 2 can be filled by metal cation when cavity 3 is blocked by a strong repulsion of the Mo atoms.
The location of metal cation in the cavities 1 or 2 largely depends on the size of M. The M cation with larger atomic size often locates on the center of cavities.
[10c]
The cation position in crystal structure of Mo6T8 can also be described in Figure 1b .
As can be seen, cation (i.e., Mg 2+ ) insertion into Mo6T8 (i.e., T = S) firstly occupies the inner six sites in cavity 1 with an inner ring and the cation occupies in cavity 2 with another six sites with an outer ring, also called a quasioctahedral arrangement.
Cation site on cavity 1 has lower potential energy than insertion cavity 2. As expected, intercalation into site 1 to form MgMo6S8 occurs before intercalation into site 2 and thus a trace amount of charges will be easily trapped within site 1 rather than site 2.
However, it is evidenced that charge trapping of Mo6S8 in site 1 can be reduced through the substitution of S by selenium (Se). [13] This is due to the substitution resulting a triclinic distortion to the crystal structure with a lower activation barrier, and thereby facilitating the migration of Mg. In addition, the Se ions with larger atomic size than S slightly increased the lattice constants of intercalation compounds, which could also promote the cation mobility. Based on the crystal structure of Chevrel phase, several different monovalent (e.g., Li, Na) and multivalent cations (e.g., Zn, Mg, Al) as insertion type batteries have been studied
Synthesis of Chevrel phase Mo6T8
Typically, the preparation of Mo6T8 using MxMo6T8 (M=Metal, T=S, Se) as the precursor can be classified into two mostly common categories: i.e., high-temperature (1100-1200 o C) solid state reactions method with mixing elements in a quartz ampule [10f, 14] and molten salt method conducted at ~850 o C. [15] Both approaches require chemical leaching of the metal from the Chevrel phase MxMo6T8 to completely remove metal and then obtain stable Mo6T8. The particle size of Mo6T8 synthesized by above methods was mostly in micrometer-scale and irregular shape. Developing the method with simple approach is still challenging. To obtain a high purity and uniform nanometer of Mo6T8, a number of several novel synthesized approaches have been developed. [16] Initially, MxMo6T8 are synthesized through a solid state method by blending elemental metal, molybdenum, and sulfur powders and then transferred to heat at high temperature of 1000-1200 o C. In the following leaching process, although the structural integrity of MxMo6T8 after the removal of metal can be easily preserved, the electrochemical performance of Mo6T8 highly depends on the leaching condition and the purity of compounds. The utilization of oxidants in chemical leaching should avoid the side reaction when various oxidants are commonly used, such as HCl, I2, or NO2BF4. [17] In order to develop feasible leaching method for the high purity of Mo6T8, Lancry et al. [14a] optimized leaching conditions for MxMo6. First of all, the Cu2Mo6S8 was prepared through the reaction of the powdered elements mixture. Then, three different oxidants was used: (i) 6 M HCl in water, (ii) 0.2 M I2 in acetonitrile (AN) and ( Recently, Gershinsky et al. [16a] developed a fast self-propagating high-temperature synthesis (SHS) method to prepare Chevrel phase MxMo6T8. The synthesis process is very fast and its synthesis duration is only a few seconds or minutes. It is attributed to a self-sustaining highly exothermic reaction leading to a combustion wave and thermal explosion. It should be noted that the yield of material from SHS method is also high (e.g., 96 wt.% Cu2Mo6S8). In spite of the low duration of synthesis of MxMo6T8, the synthesis temperatures of SHS method reached extremely high up to 4000K, which could improve total cost of energy consumption.
Compared to solid state reactions and SHS approach at high temperature, molten salt synthesis and solution chemistry method are great alternatives to control the size and homogeneity of MxMo6T8 at relative low temperature. By using molten salt synthesis method, Ryu et al.
[15c] prepared a series of Mo6S8 with various particle sizes as a function of different ratios of salt to precursor. The particle size of Mo6S8 decreased from 0.75 to 0.24 μm with the increase on the ratio of salt (KCl)/precursor from 2 to 4. Benefiting from the reduced ion diffusion path, the electrochemical properties were improved by decreased particle size of Mo6S8 for MIBs. Nevertheless, Mo6S8 with a particle size of 0.57 μm (6/1) displayed the best electrochemical performance among the series. Therefore, to find an optimized ratio of salt: precursor for the synthesis of Mo6S8 is important. Moreover, Saha et al. [16c] reported a Mo6S8 with cuboidal shaped structure, which was developed from the precursor of Cu(NH4)qMo3S9 mainly includes two steps: (i) heat-treatment of Cu(NH4)qMo3S9 at 1273 K for 5 h under a gas mixture of H2/Ar to directly yields Cu2Mo6S8 and (ii) removal of copper from Cu2Mo6S8to form Mo6S8 using hydrochloric acid treatment.
Both the Cu2Mo6S8 and Mo6S8 are unique cuboidal shaped particles in the 1-1.5μm
size, which displayed the encouraging electrochemical performance.
To get the uniform particle distribution and reduce particle size of Mo6T8, which is beneficial for Mo6T8 with the improved electrochemical performance, there are also several approaches (e.g., microwave route and graphene-assisted method) to synthesize MxMo6T8. Cheng et al. [16e] reported a facile method to obtain Cu2Mo6S8 nanocubes by a graphene-assisted approach. The utilization of graphene in the solution processing is beneficial to form Cu2Mo6S8 with smaller particle size (20-150 nm) and more uniform particle distribution than that without graphene (micrometric scale). This is arise from that graphene provides a good platform for heterogeneous nucleation and growth of particles, leading to high-quality Cu2Mo6S8 nanocubes with well-defined phase and structures, as shown in Figure 2 . Murgia et al.
[16d] developed a cost-effective solid-state microwave-assisted method to effectively replace the heat process of MxMoS8 (i.e., Cu2Mo6S8) at high temperature. In addition, the Cu2Mo6S8 can be obtained in a short time of ~ 400s and format the cuboidal microscale particles (0.5-2 μm). 
Mo6S8 for LIBs
Mo6S8 have been studied as anode material for high-rate LIBs mainly because of its considerable theoretical capacity and high electronic/ionic conductivity. Nagao et al. carried out a series of research works using Mo6S8 as an electrode material. [18] Firstly, the CuxMo6S8-y electrode at room temperature showed excellent cycling stability with a constant reversible capacity of 100 mA h g Mo6S8 electrode, otherwise inaccessible in diluted aqueous solutions. As expected, the electrochemical stability window with a high concentration electrolyte enable a full LiMn2O4 /Mo6S8 cell with a high output voltage, leading to an improved capacity and energy density. The fabricated full cell exhibited a high discharge capacity of 47 mA h g -1 (total electrode mass) and good cycling stability for 1000 cycles (Figure 3b ). Such good electrochemical performance was attributed to a dense LiF-interphase on Mo6S8 surface arising from TFSI -reduction, which effectively avoid the side reactions of hydrogen evolution and oxygen reduction at an expand able electrochemical window.
The existence of dense interphase was evidenced by X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) of the Mo6S8 before and after cycling (Figure 3c and d) . Moreover, Wang et al. [19] further investigated that the "water-in-salt" electrolytes with LiCoO2 as cathode when the Mo6S8 was still used as anode. At a current density of 0.5 C, the LiCoO2/Mo6S8 full cell using an electrolyte of 21 M LiTFSI-0.1 wt% TMSB displays an remarkable energy density of 120 Wh kg -1 .
Mo6S8 for SIBs
Sodium-ion batteris (SIB) could be an ideal alternative to LIBs in the future due to the abundant on earth, low cost and chemically stable. [20] Extensive research has been focus on LIBs anode for high energy density, high columbic efficiency and long cycling stability, however, ideal anodes for SIBs are still limited. Moreover, developing stable capacity and high Coulombic efficiency of SIBs anode is still challenging. Compared to the metal oxide materials, Chevrel phase Mo6T8 have been also considered as candidate electrode for SIBs because of its unique open framework and high electronic conductivity. Saha et al. [21] for the first time studied the sodium storage properties of Chevrel phase cuboidal Mo6S8 and Mo6Se8, which was prepared mechanism of Mo6S8. [21] Reproduced with permission. Copyright 2015, American Chemical Society.
Mo6S8 for multivalent-ion rechargeable batteries
The mechanism of rechargeable multivalent ion batteries is similar to the monovalent alkaline ion (Li + , Na + ) batteries. [22] It should be noted that, different from alkaline ion batteries, MIBs, ZIBs or AIBs have their own advantages, including abundance on earth, energy density and safety issues. Moreover, multivalent ion batteries can potentially obtain higher capacity than LIBs/SIBs due to the fact that multivalent ion (i.e., Mg, Zn, and Al) have various valence electrons more than lithium with only one (ion), and low molecular weight of Mg, Zn, and Al.
Furthermore, the less safety issue is associated with the use of Mg, Zn, and Al metal as electrode, which has much lower risk of anode dendrite than LIBs/SIBs using unsteady metal-related anodes. Nevertheless, there are also obvious disadvantages in the development of each multivalent ion battery should be overcome. In the following, we individually summarize the recent progress on the promising Chevrel phase Mo6T8 as electrode for multivalent energy storage..
Mo6S8 for Mg-ion batteries
Mg-based batteries were early proposed in 1990s, and magnesium ion rechargeable cell was reported by Aurbach et al. in 2000, [11] based on a Chevrel-type its energy density, mainly including i) control the particle size, ii) substitution of S with Se, and iii) incorporating metal ion(e.g., Cu) into the host CP.
The decrease in particle size of the electrode materials could result the shorten diffusion paths of ions within electrode materials, high surface area for ions storage and more contacts between electrode and electrolyte. Recently, a series of Mo6T8 with nanosize were obtained by optimized synthesis method. For example, Aurbach et al. [14b] prepared and compared the electrochemical performance between the nanoand micro-scale of Mo6T8 in MIBs. The nanoscale particle size could improve the electrochemical kinetic of Mo6T8and shorten the ion diffusion length of Mg 2+ . As expected, the Mo6T8 with nanoscale has the higher capacity than that of microstructure. Ryu et al.
[10c] manipulated the particle size of Mo6T8 by controlling the ratio of salt-to-precursor (the slat: KCl and precursor: CuS/Mo/MoS2). As a result, the Mo6S8 prepared with an optimized ratio of precursor displayed a high reversible capacity of 83.9 mA h g −1 at a current density of 0.2 C. Mitelman et al. [24] investigated Mg 2+ transport within MgxMoT6 (T= S and Se) structure and proposed a trapping mechanism. They found electrochemical kinetics (e.g., Mg diffusion) of Mo6T8 (T= S and Se) largely depended on composition (S or Se) and working temperature of the cell (Figure 5a ). For example, the intercalation process of MgxMoSe6 is fully reversible (from x =2 to x =1) with excellent Mg mobility at room temperature, while partial Mg trapping (~ 25%) within MgxMoS6 occurs at room temperature or even elevated temperatures (Figure 5b) . As above mentioned, charge trapping in site 1 (Figure 1b) or within MgMo6S8 was significantly reduced when substituting selenium for sulfur in the Chevrel Phase of Mg2Mo6S8.
This is due to the substitution of Se selenium distorting the crystal structure with high increased the lattice and lower activation barrier, which facilitates the migration of cation from insertion site 1 and thus leading to enhanced electrochemical performance.
For the study on the ion intercalation mechanism, Aurbach et al. [25] reported that the residual Cu left from the extraction of CuxMo6S8 by leaching process was beneficial to improve the reversible capacity of MoS8, during the Mg 2+ insertion/extraction process.
Woo et al. [14c] also found that the enhanced capacity of MoS8 was achieved by the addition of Cu to CuxMo6S8 (x > 1). Very recently, in order to clarify the role of Cu incorporation to Mo6T8, Choi et al. [14e] investigated structural changes of the Mo6S8 in corporation with the Cu nanoparticle/graphene during the process of Mg 2+ insertion and extraction. The Mo6S8 containing Cu nanoparticle/graphene composite is synthesized by solid state method, followed by a plasma treatment at high temperature.
The results revealed that the additional capacity for CuxMo6S8 was attributed to the deposition/dissolution of Cu on the surfaces of Mo6S8 during the process of Mg 
Mo6S8 for Zn-ion batteries
Due to low cost, abundance, environmental friendliness and high energy density (820 mA h g -1 ) of Zinic, there are various types of batteries have been designed with a zinc metal anode. [26] So far, there is a few available host compounds that effectively accommodate Zn 2+ with large atomic size during the charge-discharge process. As expected, the Chevrel phase Mo6T8 with open frameworks is a good candidate. The use of Mo6T8 as electrodes for ZIBs was recognized based on the phase transformation of (Mo6S8↔ZnMo6S8↔Zn2Mo6S8) as confirmed by the galvanostatic experiments and structural analysis. [10f, 12, 16e, 27] As shown in Figure 6a -b, the Mo6S8 prepared by a solid state method delivered a discharge capacity of 134 mA h g -1 at a 0.05 C, with a two-plateaus discharge/charge profile.
[10f] The detailed structure changes of the Mo6S8 was further evidenced by ex-situ XRD measurements ( Figure   6c ). Recently, Cheng et al. [16e] employed the graphene-assisted method to synthesize the Chevrel phase Mo6S8 nanocubes and studied their electrochemical performance for ZIBs. It was found that the Mo6S8 can host Zn 2+ ions reversibly in both aqueous 
Mo6S8 for Al-ion batteries
Owing to the advanced merits of the most abundant metal in the earth's crust and As shown in Figure 6d , the cell displays a two-step electrochemical reaction between Mo6S8 and Al, as evidenced by two redox peaks and two discharge-charge plateaus. This also indicates there are two intercalation sites for Al (Al 1 and Al 2) during the insertion and extraction process (Figure 6e) . At an extremely low current density of 2.4 mA g −1 , the Mo6S8 could deliver a capacity of 167 mAh g -1 ,
corresponding to the formation of Al1.73Mo6S8. At current higher densities of 60 mA g −1 and 120 mA g −1 , the discharge capacity of Mo6S8 is only 40 mA h g −1 and 25 mAh g −1 , respectively, indicating a limited capacity obtained from Mo6S8 for AIBs.
Conclusion and Perspectives
Owing electrode for advanced batteries, , it is highly expected many progress can be achieved in the future.
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